Abstract. Using high-speed photometry techniques, three transits of the extrasolar planet across the disk of the star HD 209458 have been observed. The combination of a WET-style 3-channel photometer and an excellent site yielded millimagnitude photometric precision. The various techniques used to reduce the raw data obtained under different observing conditions are presented along with modelling of the transit light curves. Finally, a summary of what we have learned about this unique extrasolar planet is provided.
INTRODUCTION
One of the most interesting recent developments in astrophysics is the certain detection of planets around stars other than our sun (extrasolar planets). Beginning in 1995 (Mayor & Queloz 1995) , published radial velocity surveys of nearby cool dwarf stars (∼ F→M) have revealed the presence of close-in binary companions with masses as small as Jupiter, and with some objects approaching the mass of Saturn. Currently, there are now over 100 stars with strong evidence for the presence of an orbital companion with a planetary mass. The "Extrasolar Planet Encyclopedia" website at http://www.obspm.fr/encycl/encycl.html is the best way to keep abreast of this rapidly developing field. Perryman et al. (2000) is also a useful general reference.
Virtually all of these extrasolar planets have been found by detecting the small sinusoidal radial velocity variations induced in the host star by its orbital motion about the system's common centre of mass. Two other detection techniques appear to have identified objects of planetary mass that are companions to objects of stellar mass: Wolszczan and Frail (1992) and Wolszczan (1994) have modelled pulsar timing irregularities in this way, and at least one gravitational microlensing event (Rhie et al. 1998 , Bond et al. 2002 has yielded strong evidence for a stellar planetary companion. Even the pulsating white dwarf community is not to be left out of this burgeoning field, as monitoring the observed pulsation frequency of selected pulsators over periods of years should detect the reflex orbital motion due to planetary companions. A stable white pulsator, rather than a pulsar, acts as the precision orbiting clock (Winget et al. 2003) .
However, only one object has been detected by two different methods, and therefore been unequivocally confirmed as an extrasolar planet.
In September 1999, Charbonneau et al. (2000) observed two small ∼ 3 hour reductions in the detected flux from the 7.7 V magnitude Sun-like star HD 209458, which they interpreted as resulting from two transits of a dark planetary disk across the face of the star. The time interval between these two transit eclipses (September 9 and 16) was close to 7 days and the reduction in flux was nearly 2%. When combined with the radial velocity data on this star (Mazeh et al. 2000) , it was clear that these transits resulted from a closein Jupiter-sized planetary companion to the star with a period of about 3.5 days. The combined radial velocity and transit data set placed beyond doubt the existence of at least one extrasolar planet, namely that around HD 209458. Early in November 1999, Henry et al. (2000) independently detected a partial transit (ingress) for this system following their own monitoring of the radial velocity variations of the star.
While observing at Mauna Kea Observatory (MKO) in Hawaii in November 1999 as part of a Whole Earth Telescope (WET) campaign (XCov 18), our attention was drawn to this transiting planetary system by collaborators of the discoverers: a transit event, observable from MKO, was predicted for the night of 15 November 1999. Such is the rarefied air at MKO, and with only about 5 hours to go before the transit ingress, a suggestion that we participate in extending the observations of this transiting system was initially rejected! However, subsequent reconsideration based partly on the fact that the WET primary observing target was successfully being observed from McDonald Observatory in West Texas, led us to contribute to a twotelescope multicolor observation of the transit event.
We observed the transit event using Johnson B filters in our three channel (photomultiplier) photometer attached to the University of Hawaii 0.6m telescope, while our collaborators observed the event in the V , R and I bands using a CCD photometer attached to the University of Hawaii 2.2 m telescope. The results of this work, which at that time significantly extended the data on the planetary system, have already been published (Jha et al. 2000) .
The purpose of this paper is to present some follow up observations of the transit obtained during the November 2000 WET campaign (XCov 20), as well as provide more detail on the reduction techniques used to analyse our high-speed photometry data. Altogether, data on three separate transits are presented, along with the individual analysis procedures that were used as a result of the different observing conditions. In addition, the transit eclipses are modelled using programs developed by us.
Subsequent to the Jha et al. observations, HD 209458 was observed in April/May 2000 by Brown et al. (2001) using a number of observing cycles of the Hubble Space Telescope (HST). The phased time series of four transit events produced a truly impressive transit light curve. The reader is referred to this publication for details, including their analysis, which further extends the measurement precision of the system parameters.
TRANSIT OBSERVATIONS ON 15 NOVEMBER 1999
The combination of the MKO 0.6m telescope and the VUW three channel photometer (Sullivan 2000, Kleinman, Nather and Phillips 1996) was used to monitor HD 209458, a nearby (fainter) comparison star and a blank region of sky for a three hour period on the night of 15 November 1999 (UT). The raw data for these observations is presented in Fig. 1 .
The photometric system was operated in the usual high-speed time series mode and an integration time of 10 s was used to count and store the single photoelectron counts derived from the 3 identical (Hamamatsu R647-04) bialkali photomultiplier tubes. The rationale for this was that even though 10 s time resolution was not required, photometric precision could be increased (with no penalty) during the analysis phase by simply adding up adjacent integrations. The target and sky channels of the photometer (the dual miniphot in the instrument) had Johnson B passbands defined by the appropriate Schott glasses, while the comparison star channel did not have a Johnson filter. Instead, it had a somewhat broader blue passband that was determined by a combination of the atmosphere and the photomultiplier tube entrance glass at the short wavelength end and the characteristics of a dichroic filter at the long wavelength end. Because of these differences (and differences in stellar spectral type) one might expect different extinction coefficients characterizing the effect of changing airmass on the detected intensity levels of the two stars.
The purpose of the dichroic filter in the comparison star light path is to allow the comparison star to also act continuously as a guide star. Reflected blue light is directed into the instrument's single (channel 2) miniphot, while the transmitted red part of the spectrum is imaged on a small CCD camera, and this system is used to provide either auto or remote guiding, depending on the telescope. Only continuous remote guiding (with the observer seated at a desk in the open dome adjacent to the telescope) was possible with the University of Hawaii 0.6m, but the combination of excellent MKO weather conditions, a reasonably large aperture and vigilant observers resulted in extremely precise photometry, as the subsequent analysis will show.
The first simple analysis step that was applied after the observations were obtained was to subtract the normalized sky counts from both star counts and then examine the target/comparison ratio. This is displayed in Fig. 2 (triangles) for effective 2 minute integrations. It was immediately apparent that we had observed most of the transit decrease in flux level of a few percent, including the egress section, but there also appeared to be an underlying slope in the flux ratio, no doubt a result of the filter and spectral type differences between the two channels. Consequently, it was decided to observe the target and comparison stars on a subsequent night when no transit was expected. The target/comparison flux ratio data for the night of 17 November 1999 is also plotted in Fig. 2 (circles). These data were obtained under virtually identical photometric observing conditions and over the same range of airmass as those obtained two nights previously. The comparison between the two night's flux ratios provides a clear demonstration of the transiting planet on the detected flux from HD 209458.
Given the availability of off-transit reference data, an improved analysis was carried out as follows. Instrumental magnitudes (m i ) were determined for each 2 minute sky-corrected flux measurement (I) in the usual way as
(1) The zero point constant (c) was chosen somewhat arbitrarily to make the m i values correspond approximately to the reported V magnitude for target star and was kept the same value for each channel. Instrumental magnitude versus airmass plots were constructed for both the target and comparison stars on the two nights and these are displayed in Figs. 3 and 4. Extinction coefficients (k) for the offtransit target star data, and both comparison star data sets, were obtained from appropriate least squares straight line fits. These fits are displayed as the solid lines in the two figures. Differential magnitudes for the on-transit data were determined by assuming that the same (linear) airmass model can be applied to the target star data on the two nights (15 & 17 November). Thus, they were obtained from the deviations from the dashed line in Fig. 3 , which has the same slope as the solid line in that figure. The zero point for the dashed line was obtained by adjusting its position to fit the last few measurements in the 15 November data, which assumes they correspond to out of transit values.
Finally, the differential magnitudes were converted to relative flux values using the inverted form of the above relation. The comparison star airmass plots confirm that both nights were photometric and provide justification for the above procedure. The relative flux measurements for both on-transit and off-transit measurements on HD 209458 are given in Fig. 5 . The 15 November data (triangles) clearly demonstrate the changing flux levels during the planetary transit, while the 17 November reference data (circles) exhibit the high photometric precision that is possible to achieve from the Mauna Kea site. The rms deviation in the comparison star data from the linear airmass model is less than 10 −3 over an airmass range of nearly 1 to 2.
A "benefit of hindsight" analysis of the Fig. 5 transit data produces two (mildly irritating) conclusions. First, we should have (and could have) started observing the transit earlier in the night. However, uncertainty about the exact start of the transit event combined with a necessary equipment check (in debilitating rarefied MKO air conditions) led to some observer impairment. Second, we should have (and could have) continued observing for a bit longer (at least until airmass 2), so as to obtain a more accurate off-transit value. Once again, we attribute this to impaired observer thought processes due to working at an altitude in excess of 4000 metres. However, given the better than millimagnitude ground-based photometry presented in Fig. 5 it is probably somewhat churlish expressing negative thoughts at this stage.
Referring to Fig. 4 , the small difference in extinction coefficients (k = 0.169 and 0.175 magnitudes per airmass) determined from the comparison star data on the two nights should cause one to query using an identical extinction coefficient (0.165) for the HD 209458 data on both nights. Given the data sets and the method of analysis used, there was no choice in the matter. One could allow for this to some extent by increasing the uncertainty values for the transit measurements, but it also must be remembered that greater atmospheric dependencies are to be expected in the comparison star data as the effective filter was somewhat broader, and the short wavelength cutoff was determined partially by the atmosphere.
TRANSIT OBSERVATIONS ON 12 NOVEMBER 2000
In November 2000, we again travelled to Mauna Kea Observatory in order to contribute to another WET campaign (XCov 20) and included the possibility of monitoring another transit of the HD 209458 system predicted for the night of 12 November 2000 (UT). The original plan was to use the multiple filter mode of the VUW photometer system to observe the transit in two passbands. However, an instrumental malfunction prevented this, so the transit event monitoring was carried out as for the 1999 observations, but with a Johnson B filter in all three channels. Target, comparison and sky intensity estimates were recorded using 10 s integration times. The raw observational data are plotted in Fig. 6 . As is evident, the observations were degraded by cloud (high cirrus), and the presence of a partially illuminated moon. Given the impact of cloud interference, the data were analysed as follows. Normalized sky estimates were subtracted point by point from the target and comparison channel 10 s data, adjacent points were then summed to provide an effective 100 s integration time, and then a sky corrected target to comparison star time series was formed. Finally, these ratio values were multiplied by a factor that yielded an average value of unity for points between about 5 to 6.5 hours and ∼ 10 hours (UT). A glance at Fig. 7 , where these values have been plotted using plus symbols will explain the rationale for this procedure. The decrease in flux due to the transit event is clearly evident (it occurred at the predicted time), and the above normalizing points are out of transit. For reference purposes, Fig. 7 also shows the measured sky-corrected target 10 s flux values.
This simple analysis procedure has clearly extracted the transit flux decrease in HD 209458, even though the raw data were substantially contaminated by cloud. The average flux decrease of nearly 2 percent is of the same order as the November 1999 data, but the cloud correction procedure is clearly inadequate when obscuration exceeds ∼ 30%. Consequently, a number of points between 7.5 and 8 hours and about 9.3 hours were deleted for subsequent analysis. These are plotted in the middle panel of Fig. 12. 
TRANSIT OBSERVATIONS ON 19 NOVEMBER 2000
Given that the transit observations on 12 November were cloud affected, it was decided to also monitor the next transit event observable from Hawaii (predicted for 19 November 2000) even though large airmasses were involved. As it transpired, the night was photometric; the same observing procedure was used as described previously.
The sky-corrected 10 s counts for both the target and comparison stars were summed to produce effective 100 s integration times and instrumental magnitudes were determined as described above. Plots of these data versus airmass are given in Fig. 8 for both stars (the target star scale is provided on the left hand vertical axis while the comparison star scale is on the right axis). An extinction co- efficient for the HD 209458 data was obtained from a least squares straight line fit to the observations made at less than about airmass 1.5 (corresponding to the time before transit ingress commenced). The extinction coefficient for the comparison star data was obtained via a least squares fit to all data points less than airmass 2. The two straight lines plotted in the figure represent linear airmass models using these extinction coefficients.
Differential magnitudes were determined as the difference between the straight line fits and each data point, and these magnitudes were converted to relative flux values. The results are plotted in the two panels in Fig. 9 . It is clear from these plots that the transit ingress has been clearly observed, and that the data quality for airmass values less than 2 (that is up to ∼8.7 hours, UT) has a precision of about 1 part in 10 −3 : in precision terms these data are nearly as good as the November 1999 observations. Transit data points corresponding to airmasses greater than 2.5 were removed and the remaining points are plotted in Fig. 12 . These will be modelled as described in the next section. 
MODELLING THE TRANSIT DATA
In essence, the HD 209458 system is a special case of the astronomer's well-studied eclipsing single-lined spectroscopic binary star system and, the modelling framework for this is well established. However, at the risk of making the following paragraphs look like an elementary textbook on the subject, it will be instructive to summarize the main features here. Fig. 10 presents a side-on view of the essential geometrical parameters for modelling the star-planet system. We will assume that the star and planet undergo circular orbits about their common centre of mass (although the theory is easily extended to the more general case of elliptical orbits by adding factors involving the orbit eccentricity). The distance between object centres is a, the perpen-dicular to the orbital plane is inclined at an angle i to the observer direction, such that the transit path of the planet across the stellar disk is offset by an amount b = a sin( π 2 − i) = a cos i from the stellar disk center.
Newton's laws applied to the dynamics of the binary system result in Kepler's well known relation connecting orbit "size" a and period P , along with the the masses of the planet M p and host star M , and the universal gravitational constant G,
Momentum conservation also relates the orbital velocity (v ) of the star about the system's common centre of mass with a, P and the masses by
Radial velocity monitoring of these binary systems actually measures the line-of-sight maximum projected velocity of the star
and these equations combine to provide a measured "mass function" for the binary system
Given the nature of the HD 209458 system (and other similar starplanet combinations) this relation can be simplified without making any limiting assumptions. If the planet is not too close to the star (ie b is significantly less than a) then sin i ≈ 1 and given the properties of the host star and the magnitude of K (∼ 50 ms −1 ) we are talking about a Jupiter mass planet orbiting a solar mass star (i.e. M p /M ∼ 10 −3 ) then we have a direct measure of the mass of the planet in terms of the mass of the star and the two observed quantities P and K.
Consequently, without any detailed analysis of the lightcurve, the fact that we have detected transits allows us to constrain the model used to analyse the radial velocity data and thereby deduce unequivocally a planetary mass value in units of the stellar mass. Furthermore, the observation of a number of transits over many orbital periods allows the value of the period to be refined such that it will not significantly contribute to the uncertainty in the value of M p -the residual uncertainty then depends on the measured K and the (spectroscopic) model used to estimate the value of M .
The transit data provide additional fundamental information about the nature of the planet: its size. The depth of the transit light curve directly yields a measurement of the radius of the planet R p (modelled as an opaque disk) in terms of the radius of the star R , as the light loss during eclipse is essentially a function of the square of the relative radii. Armed with both mass and radius estimates for the planet, we can determine it's average density and hence investigate in more detail it's structural properties (and make comparisons with the more familiar objects in our solar system).
Stellar limb darkening complicates the estimation of planetary radius from the light curve, as the transit eclipse depth will also be dependent on the actual transit path across the stellar disk. If an independent suitable model is used to represent the effects of limb darkening, four parameters are required to analyse the transit data (eg Fig. 11 ). These are (1) the ratio of the radii R p /R , (2) the fractional offset of the transit path from the stellar centre b/R , (3) the speed of the planet across the stellar disk v p and (4) the time of central transit t c . For the system here, v p is essentially the star velocity K times M /M p , and is therefore can be estimated from the radial velocity data. We found it convenient in our modelling program to express this velocity in units of the radius of the star, so as allow nominally independent fits.
Looking at the transit light curve shape, it is clear that t c will be determined independently of the other parameters. Also, to first order, the transit depth will be set by the planetary radius, while the transit duration will be established by a combination of b and v p . In terms of fitting this light curve in isolation, these last two parameters will not be independent over some range as a given combination of small b and fitted v p can be duplicated by a larger b (involving less stellar disk to traverse) and a smaller v p . But, we have the orbital solution for this system from the radial velocity data, so we have an estimate for v p . Also, as mentioned above, R p /R will depend somewhat on b.
A program was developed especially to analyse the transit data presented here. The core of this program is a routine that calculates the fractional light decrease resulting from an opaque planetary disk placed at an arbitrary position on the stellar limb-darkened disk. The effect of limb darkening was modelled by dividing the stellar disk into a fixed number (typically ∼ 50) of annular areas (see diagram in Fig. 11 ), using one of the limb darkening models found in the literature (e.g. Díaz-Cordovés, Claret & Giménez 1995) to determine the relative intensity per unit area as a function of stellar radius, and then calculating the fractional decrease in light intensity due to the obscuration. This routine combined with a modified version of the "mrqmin" program from the Numerical Recipes suite (Press et al. 1992) , was used to optimise model fits to the data set using the Levenberg-Marquardt numerical algorithm for nonlinear least squares fitting procedures. The solid line in Fig. 11 corresponds to a least squares best fit using the quadratic limb darkening law and the parameters given in Díaz-Cordové et al. for a B passband and stellar surface temperature (6000 K) that matched the stellar model given in Mazeh et al. For comparison purposes, the dashed line in the same figure corresponds to a model fit with no limb darkening included. The flat bottom of this model is obviously inconsistent with the observed data. The data uncertainties in the top and bottom panels were obtained by examining the quality of the photometry on the night in question, but this was not attempted for the middle panel data due to the cloud interference.
The choice of the actual limb darkening model used in this work is obviously a bit arbitrary as the precision of the observational data is not high enough to distinguish between different models (e.g. linear vs nonlinear - Díaz-Cordové et al.) . It is interesting to note that other transit observations of this system have been used to observationally constrain stellar limb darkening models. Both the high-precision HST data of Brown et al. (2001) and the lower precision ground-based observations of Deeg, Garrido & Claret (2001) were analysed in this way.
The transit observations of the HD 209458 system reported here when combined with the radial velocity data from Mazeh et al., enable detailed characterisation of this extrasolar planetary system. However, given the now published work resulting from the order of magnitude more precise HST transit observations there is little point presenting an independent comprehensive analysis of our data. Instead, we will use the radial velocity results of Mazeh et al. combined with the HST transit analysis of Brown et al. to constrain most of the system parameters, but produce essentially independent estimates for the system period P , and the planetary radius R. Hence, using i = 86.68
• (Brown et al.) and a = 0.047 AU (determined from Mazeh et al.) The bjed times in Table 1 are referenced to the centre of mass (barycentre) of the solar system rather than the centre of the sun HJD values, but these timescales differ by at most seconds. The times of central transit given here are essentially independent of other work, but the planet/star ratios are not entirely separate estimates. Model fitting to the combined radial velocity and transit light curve data set yields values that have various interdependencies, and the reader is referred to relevant figures in Brown et al. and Jha et al. for a depiction of these.
The reduced χ 2 values for the first and last transit given in the table show that the model provides relatively good fits, but no reduced χ 2 was produced for the 12 November data as no reliable uncertainty estimate was available for these cloud-affected data. The fitting uncertainty in the central transit times as judged by a significant increase in the χ 2 value is about 0.04 h (2.5 min) in all cases, even though the first and last light curves do not cover the whole event. This relatively precise determination of t c results from the fact that the constrained model fixes the transit duration and the light level changes during ingress and egress are quite fast. There are 105 orbital cycles between the first and last transit event, and using the above measured time interval we derive an independent value for the orbital period and it's uncertainty that is given in the following comparison Table 2 . Turning to our derived planet star radius ratio, we obtain a composite value of about 0.120 with an apparent uncertainty of several percent. This is consistent with the individual fit uncertainties obtained from significant χ 2 changes. The more precise HST transit light curve obtained by Brown et al., yielded a value of 0.116 for this figure. Our figure is consistent with this value, especially considering the fact that all 3 transit observations were not optimum in some way: the first did not see the whole eclipse, but more importantly had too few off transit values; the second was observed through cloud; and the third was also only a partial transit due to the increasing airmass of the observations. The combination of known mass and radius for the planet allows the determination of some of its physical properties, such as average density and surface gravity. This has already been explored in the literature, so it will not be developed here. But, it is worth commenting that the low average density compared with Jupiter is consistent with theoretical models (e.g. Burrows et al. 2000) of gas giant planets that receive significant irradiation from their host star. Along with the other close in giant extrasolar planets, this is certainly the case for HD 209458.
CONCLUSIONS
This paper presents a more complete analysis of some already published November 1999 transit photometry on the extrasolar planet orbiting the star HD 209458. It also presents two further transits monitored in November 2000, and a combined analysis of the whole data set. The photometry data were obtained at Mauna Kea Observatory under different observing conditions, but the reduced data demonstrates the quality of the photometry that is possible at this excellent observing site, provided the appropriate instrumentation and techniques are used. We present a partially independent analysis of our data and show that it is consistent with the more precise extra-atmosphere photometry obtained using the HST. The system period determination we present here is consistent with, and about as precise as, the best available from the literature.
For completeness, we present in Table 3 a summary of the principal physical properties of this so far observationally unique system. These values have been adapted from the references provided and are determined from the combination of spectroscopic and photometric measurements, together with modelling of the host star. We also include for comparison some results of the recent work by Cody and Sasselov (2002) , who investigate in detail a range of appropriate stellar models in order to quantify the uncertainties and systematic errors that are involved. There are some significant correlations between the determined system parameters and the reader is referred to the quoted references for details. ACKNOWLEDGMENTS. The authors would like to thank the (previous) International Institute for Theoretical and Applied Research (IITAP) at Iowa State University, and the VUW Science Faculty Small Grants Committee for providing financial support that made possible the observational work reported here. They would also like to acknowledge the WET collaboration as a group, as the opportunity to become involved in the extrasolar planet science presented here (serendipitous as it initially was) would not have occurred without the science programme pursued by the WET.
